The three-dimensional positioning of the X-chromosomal adenine nucleotide translocase genes, ANT2 and ANT3, were compared in the active and inactive X chromosome territories (Xa and Xi) of female human amniotic fluid cell nuclei. ANT2 is located in Xq24-q25 and is transcriptionally active on Xa, but inactive on Xi. ANT3 is located in the pseudoautosomal region Xp22.3 and escapes X-inactivation. Three-color fluorescence in situ hybridization, confocal laser scanning microscopy, and three-dimensional image analysis revealed that transcriptionally active ANT2 and ANT3 genes were positioned more peripheral within their chromosome territory than the inactive ANT2 gene. The position of the latter was significantly more interior in the Xi territory. Although the volumes of both X territories were similar, 3D distances between ANT2 and ANT3 were significantly smaller in Xi compared to Xa territories reflecting different territory shapes. Our data show a correlation between 3D positioning and transcriptional activity of these X-specific genes.
INTRODUCTION
X chromosome inactivation and Barr body formation in female mammalian cells [1, 2] is a special form of gene regulation where most genes on the inactivated chromosome are permanently silenced [for reviews see [3] [4] [5] . The discovery and investigation of the XIST/Xist gene in man and mouse, respectively [6, 7] , provided insights in the underlying molecular mechanisms involved in the silencing of the inactive X chromosome [8 -10] . The colocalization of the XIST/Xist-RNA with the inactive X territory in interphase nuclei [4, 11] suggests that this RNA may play a role in the structural organization of this territory.
In interphase nuclei chromosomes are maintained as distinct chromosome territories [for reviews see 12, 13] . Whereas earlier speculations assumed volume ratios of up to 1:10 between inactive (Xi) and active (Xa) chromosome territories [e.g., 14 ], studies of amniotic fluid cell [15] and cultured fibroblast nuclei [16] revealed volume differences of less than a factor of 2 within a given cell. However, the two X territories differed significantly in shape and surface structure. These differences were maintained even during the later period of S phase, i.e., at a time where the Xi territory was still heavily replicating in contrast to its active counterpart [16] . Interestingly, early replicating chromatin was observed preferentially near the territory surface of the Xi territory, while both early and late replicating chromatin were distributed throughout the Xa territory. To achieve insight into the 3D architecture of active and inactive X territories at the level of individual genes, we investigated the three-dimensional positions of two X-chromosomal members of the adenine nucleotide translocase (ANT) gene family, ANT2 and ANT3. ANT proteins play a fundamental role in the energy metabolism of the eukaryotic cell. They are the most abundant proteins of the mitochondrial membrane, catalyzing the exchange of ADP and ATP across the membrane [17] . ANT3 was found to be expressed in all tissues investigated. This housekeeping gene was shown to have an unmethylated CpG island at its 5Ј end [18, 19] . It is located within the pseudoautosomal region at Xp22.3 (PAR1) and escapes X inactivation [18, 19] . Studies of the replication timing of the ANT3 gene on active and inactive X chromosomes revealed no significant difference [20] . In contrast, ANT2 seems to be expressed in a tissue-specific manner in proliferat-ing cells [21, 22] . It is associated with a CpG-rich region surrounding the first exon. ANT2 is located at Xq24-q25 and subject to X inactivation [18, 23] . The expression status of ANT2 was verified by RT-PCR and correlated with methylation differences. To ensure that methylation differences are indeed correlated with X inactivation and not with tissue specificity, we analyzed the methylation pattern of the 5Ј region of these two genes in various tissues.
Female human amniotic fluid cell nuclei were subjected to three-color fluorescence in situ hybridization (FISH) with probes for ANT2, ANT3, and the whole X chromosomes. Light optical serial sections were recorded from these nuclei with confocal laser scanning microscopy. 3D reconstructions of X chromosome territories were performed with two independent threedimensional image analysis approaches. Inactive and active X territories were identified by their difference in shape [15] and in some cases by Barr body staining. Using a new approach which allows the 3D localization of FISH signals with highly improved accuracy [24, 25] , distances from the inactive and active genes to the territory surface, as well as intrachromosomal ANT2-ANT3 distance distributions, were measured and compared between the two X territories. We demonstrate a difference in the 3D positions of active and inactive ANT genes. This finding supports the hypothesis that the 3D architecture of chromosome territories is correlated with function.
MATERIALS AND METHODS

Molecular characterization of the ANT genes.
The sequences for ANT2 [26] and ANT3 [27] were analyzed by HUSAR (Heidelberg UNIX Sequence Analysis Resources 4.0) based on the Wisconsin GCG program package Unix-8.1 (1995) .
DNA for genomic Southern blotting was prepared from fresh blood, frozen tissues, or primary amniotic fluid cell cultures according to standard techniques. Agarose gel electrophoresis, DNA transfer, oligolabeling, hybridization, and autoradiography were performed as previously described [28] . All hybridizations were carried out in Church buffer (0.5 M NaP i , pH 7.2, 7% SDS, 1 mM EDTA) at 65°C overnight and finally washed in 40 mM NaP i , 1% SDS at 65°C.
An oligolabeled PCR fragment of the first intron of ANT2 was used as hybridization probe. Primers were established according to the sequence of Ku et al. [26] : ANT2G, 5Ј-AGCCATCTCCAAGACG-GCGG-3Ј; and ANT2H, 5Ј-ACCCTCCCCAACCCTCTGAGG-3Ј. As template we used the previously isolated cosmid of the ANT2 gene [23] . The EcoRI insert of cDNA FB6 [18] was used as ANT3 specific hybridization probe.
For RT-PCR total RNA was isolated from amniotic fluid cells with Trizol reagent (Gibco-BRL) as described by the manufacturer. Coextracted DNA was digested by DNase I and tested for completion by a PCR analysis. First-strand cDNA synthesis was performed with first-strand cDNA synthesis kit (Gibco-BRL) using oligo(dT) primer. The PCR reactions for the ANT2 and ANT3 genes were performed as described [18] .
Cells, DNA probes, FISH, and detection methods. Primary human amniotic fluid cell cultures with normal female karyotype (46,XX) were subcultured on glass slides, fixed in buffered formaldehyde, and permeabilized as previously described [29] . A chromosome-specific plasmid library from sorted human X chromosomes (pBSX) was provided by Dr. J. Gray (University of California, San Francisco). In chromosomal in situ suppression (CISS) hybridization experiments this probe strongly decorates entire mitotic X chromosomes from pter to qter. Only the centromeric region remains mostly unpainted due to suppression by an excess of unlabeled cot1-DNA. Cosmid probes were used for the visualization of the ANT genes: The ANT2 clone has an insert size of about 30 kb [23] . The ANT3 clone ICRFc104D0137(KS3) [30] has an insert size of about 38 kb and is known to contain parts of two other genes [23, 31] . Probes were labeled using standard nick translation assays [32] with the following nucleotides (all Boehringer Mannheim, Mannheim, Germany): ANT2 clone with FITC-12-dUTP, ANT3 clone with digoxigenin-11-dUTP, and X-library with biotin-16 -dUTP. CISS hybridization was carried out as described [32] using a high concentration of DNA probes (60 ng/l of each) in the hybridization mixture (10 l) to maximize hybridization efficiency. Digoxigenin was detected with mouse anti-digoxigenin antibodies (Sigma, Deisenhofen, Germany) and goat anti-mouse Cy5 antibodies (Jackson ImmunoResearch Laboratories Inc., Hamburg, Germany). For the detection of biotin, avidin-TRITC (Vector Laboratories, Heidelberg, Germany) was used and one amplification round was performed using biotinylated goat anti-avidin (Vector) in a second step, followed by a second layer of avidin-TRITC in the third step. Direct FITC labeling was enhanced with rabbit anti-FITC (Dakopatts, Glottrup, Denmark) and FITCconjugated goat anti-rabbit antibodies (Sigma). The slides were counterstained with DAPI and mounted in 0.1% 1,4-phenylendiaminedihydrochloride in 90% glycerol [33] . To maintain the threedimensional nuclear topography as much as possible, air drying was carefully avoided during fixation, in situ hybridization, and detection procedures.
Confocal laser scanning microscopy. Light optical serial sections of nuclei were recorded as described [29] with a three channel Leica TCS 4D confocal laser scanning microscope (Leica Lasertechnik, Heidelberg, Germany) equipped with a Plan Apo 63ϫ/1.38 oil objective. Stacks of equidistant (0.25 m) 8-bit gray-scale images were obtained with a pixel size of 0.1 m in x-and y-direction. Axial chromatic shift of this setting was determined to be 230 nm (standard deviation (SD) 60 nm) between FITC and TRITC and 8 nm (SD 29 nm) between TRITC and Cy5 [24, 25] . Nuclei were selected which had two separated X chromosome territories. Displayed overlays of confocal images were processed in Adobe Photoshop to compensate for differences in brightness and contrast in the different colors. To visualize all gene signals in the projection (Fig. 2b) , selective enhancement of the ANT3 gene signals (blue) was applied. No such selective operations were performed on the serial sections (Fig. 2a) . In these displayed sections, to adjust for the axial chromatic shift (see above), the respective neighboring FITC section was overlayed with TRITC and Cy5 sections.
Three-dimensional image analysis. The 3D coordinates of the fluorescence gravity centers of the ANT gene signals were determined and used for representation of the signal in further analysis using self-developed image processing routines programmed in Cϩϩ under the software development package KHOROS [34] . The 3D positions of the fluorescence gravity centers of the gene signals were corrected for the chromatic shifts of the confocal microscope. These corrected values were used for further analysis. Intrachromosomal ANT2-ANT3 distances were computed from the 3D coordinates on a PC using standard software.
For the segmentation of chromosome territories two independent image analysis methods were used: a 3D Voronoi-tessellation procedure [15, 35, 36] and a Cavalieri estimator [37, 38; Edelmann et al., manuscript in preparation]. The basic idea of the 3D Voronoi-tessellation procedure is to tessellate the entire stack of light optical sections recorded from a given nucleus and fluorochrome simultaneously into convex polyhedra ("Voronoi polyhedra"), thus building the so-called Voronoi diagram. This diagram is built dynamically as described in detail elsewhere [35] . Tessellation into smaller and smaller polyhedra was continued until all polyhedra were regarded as being homogeneous according to one of the following criteria: (i) The standard deviation of the gray value distribution of all voxels belonging to the respective polyhedron was below the overall standard deviation within the original image stack. (ii) The volume of the respective polyhedron was below a preset size (minimum size 10 voxels). For any given threshold all connected polyhedra with a gray value above the threshold are part of the segmented territory. In case of the Cavalieri estimator all voxels of the light optical sections obtained from a given chromosome territory were thresholded separately on a voxel by voxel basis. Connected segmented voxels were then put together for 3D reconstruction of the territory.
Since fuzzy territory boundaries make it difficult to define a border between foreground and background voxels, the chromosome territories were segmented for a whole range of reasonable thresholds as described [15, 35] to avoid a bias introduced by interactively choosing a certain gray value threshold. At each threshold the distances from the gene signals to the segmented territory surface were measured. The mean was used for further evaluations. The roundness factor (RF) was also computed at every threshold. The value of RF (0 Ͻ RF Յ 1) expresses to which extent the shape diverges from a perfect sphere (RF ϭ 1) [15, 35] . Since RF is dimensionless, it can be regarded as a measure for the relative size of the volume of an object normalized by its surface. For amniotic fluid cells it was shown previously by Voronoi segmentation that Xi territories show a higher RF than Xa territories [15] . The same was found using the Cavalieri estimator [Edelmann et al., manuscript in preparation]. Therefore, when no Barr body identification was possible, RF was used to discriminate between Xi and Xa territories as follows: The roundness factor of each territory was calculated and the RF ratios were determined for each threshold. When the assignment of the rounder territory was constant over at least 75% of all thresholds recorded, the rounder territory was accepted as Xi. In a series of 67 nuclei with clearly identifiable Barr bodies which colocalized with one of the two painted X-territories we found that this criterion was sufficient to discriminate the Xi territory from the Xa territory in all but 3 nuclei [15] . Other nuclei were excluded from further analysis. Voronoi and Cavalieri segmentation resulted in the same assignment of Xi and Xa in the set of 37 nuclei used for 3D territory reconstructions.
For the comparison of frequency distributions the two-sided Kolmogorov-Smirnov (KS) test was used [39] . The P values were calculated with a program kindly provided by Harald Bornfleth, Institute of Applied Physics, University of Heidelberg.
RESULTS
Activation State of ANT Genes
The analysis of both ANT2 and ANT3 genomic sequences [26, 27] revealed CpG islands in the region surrounding the first exon. To investigate the methylation pattern of these CpG islands we digested DNA isolated from male and female blood cells with either EcoRI alone or in combination with methylation-sensitive rare cutter enzymes. A Southern blot of these digests was then probed with ANT2 (Fig. 1a) or ANT3 DNA (Fig. 1b) . This analysis revealed that one of the two ANT2 genes in females is methylated (Fig. 1a) , whereas no methylation occurred in the CpG islands of the two female ANT3 genes (Fig. 1b) . ANT2 and ANT3 in males were both unmethylated (Figs. 1a and 1b) . The same methylation pattern of ANT2 was also noted in DNA isolated from female brain, liver, kidney, and skeletal muscle. Upon digestion with a methylation sensitive rare cutter restriction enzyme (NotI) all female tissues revealed the undigested EcoRI band in addition to the digestion products, indicating methylation of only one ANT2 copy in these tissues (data not shown). In contrast, DNA isolated from sperm DNA was completely digested by NotI, indicating the absence of methylation. Analysis of several fetal tissues also confirmed these results (data not shown). RT-PCR was performed with RNA isolated from female amniotic fluid cells (Fig. 1c) . Cells were harvested either from growing or from contact inhibited cultures. Expression of ANT2 and ANT3 was confirmed for both types of cultures.
Positioning of the ANT Genes within the X Chromosome Territories
Female human amniotic fluid cells were cultured and fixed in a proliferating state before a dense monolayer had developed. DAPI-stained Barr bodies were recorded in 13 nuclei prior to in situ hybridization. Three-color FISH was performed with probes for ANT2, ANT3, and the whole X chromosome. Confocal sections were recorded and 3D image analysis was applied. In all cases the Barr body colocalized with the X territory exhibiting the larger RF. These nuclei were previously included as series 3 in [15] . Fifty-six additional nuclei were recorded without a detectable Barr body. In these nuclei, Xi and Xa territories were distinguished by their different RF. Due to weak hybridization signals, in particular for the direct labeled FITC signals of the ANT2 genes, and bleaching during the scanning procedure not all gene signals were detectable in all nuclei. In 37 nuclei all four gene signals were clearly detectable and the Xi and Xa territories could be discriminated (see Material and Methods). These nuclei were included in the quantitative evaluation described below.
For each X chromosome territory four parameters were determined with two independent methods, the Voronoi-tessellation and the Cavalieri approach ( Fig.  3 ; see Material and Methods for details): (a) roundness factor, (b) territory volume, (c) territory surface, and (d, e) the distance from the gene signal to the nearest point of the segmented surface. The correlation between the two methods was calculated. For all four parameters a positive linear correlation was found, meaning that values gained with the two methods are proportional. Linear regression coefficients were found to be between 0.248 and 0.778. The differences between the results obtained with the Voronoi and the Cavalieri approach reflect the current limits of a quantitative image analysis of chromosome territories based on the four parameters. In spite of these limitations both approaches appeared equally useful and consistently supported the conclusions stated below.
The comparison of ANT2 and ANT3 gene signalterritory surface distances for the four genes in each nucleus (Fig. 4) shows a more interior location of the inactivated ANT2 gene in Xi territories compared to the positioning of the active ANT2 gene in Xa territories and to the positioning of the active ANT3 genes in   FIG. 2 . Human female amniotic fluid cell nucleus subjected to three-color FISH with probes for the ANT2 gene (green), the ANT3 gene (blue), and whole X chromosomes (red). (a) Laser confocal serial sections through the Xa territory (left) and Xi territory (right). Numbers indicate the distance from the first section in m. (b) Projection of all sections of the whole nucleus. Scale as in a. (c-e) 3D reconstructions of the two X chromosome territories obtained with the Cavalieri approach in c, the 3D Voronoi tessellation approach in d, and a view of the Voronoi reconstruction from the opposite side in e. The Xi territory is colored in red, and the Xa territory in orange. The gravity centers of the gene signals are represented by small spheres. The spheres representing the two active ANT genes of the Xa territory are exposed at the territory surface. In the Xi territory only the active ANT3 gene is seen at the surface. The white box in d shows a transparent view of the Xi territory revealing the ANT2 gene in the interior of this territory. A comparison of c and d gives the impression of a slightly smaller distance between the ANT2 and ANT3 signals in the Xa territory reconstructed by the Voronoi approach compared to the same territory reconstructed by the Cavalieri approach. Note, however, that the 3D coordinates of the ANT signals shown in c and d are exactly the same. Accordingly, the 3D distances are also identical and independent of the approach used for 3D reconstruction. The apparent difference stems from the fact that the views on the 3D reconstructions shown in c and d were presented from slightly different angles. both Xa and Xi territories. The distributions of the distances from the active ANT3 genes to the territory surface were nearly identical in Xa and Xi territories (Fig. 5 ) and similar to the active ANT2 gene in the Xa territory. In contrast, the inactivated copy of ANT2 on Xi territories was located significantly more interior than the three active genes (Table 1 ; Fig. 5 ). In Xa territories the mean distance to the surface for ANT2 and ANT3 signals was similar (Ͻ0.1 m; Table  2 ). In Xi territories the mean distance to the surface measured for ANT2 was 0.31 m (Voronoi segmentation) and 0.30 m (Cavalieri), while a significantly smaller mean distance of ϳ0.1 m was noted for ANT3 (Table 2) .
To exclude a bias of absolute gene-territory surface distances due to a different size of the chromosome territories, distance measurements were computed also with normalized values. Here, the gene-territory surface distance was calculated as the fraction of the maximum possible distance from any point in the territory to its surface. The outcome of this analysis was fully consistent with the above conclusions (data not shown).
We also compared ANT2-ANT3 distances in Xa versus Xi territories to each other (Fig. 6 ). We found that the two genes are statistically significantly (P ϭ 0.007) closer together in Xi territories with a mean ANT2-ANT3 distance of 1.96 m compared to 2.68 m in Xa territories.
DISCUSSION
The spatial distribution of ANT2 and ANT3 genes in Xi and Xa territories was investigated in female human amniotic fluid cell nuclei with normal karyotype. First we verified the activity state of the genes. Then we applied three-color FISH, confocal laser scanning microscopy, and three-dimensional image analysis procedures. In a set of 37 three dimensionally reconstructed cell nuclei we found that the mean position of the methylated and inactive ANT2 gene was significantly shifted toward the interior of the Xi territory compared to the more peripheral mean positions of the active ANT genes studied in both X territories.
Methylation State of the ANT Genes
It is known for 20 years, that the methylation of CpG islands of housekeeping genes on Xi is correlated with X inactivation [40 -42] . Our methylation analysis of two closely related X-chromosomal genes ANT2 and ANT3 are thus consistent with earlier results.
ANT3 maps to the pseudoautosomal region on the
FIG. 3. Comparison of the Voronoi and the Cavalieri approach for quantitative measurements in 37 nuclei with 3D reconstructed Xi territories (open circles) and Xa territories (closed circles). (a)
Roundness factor, (b) territory volume, (c) territory surface, and (d, e) minimum gene-X-territory surface distance taken from the gene signal to the nearest point of the segmented territory surface for ANT2 in d and ANT3 in e. In d and e, negative values refer to gene signals outside of the enveloping territory surface (see also Fig. 4) . Linear regression coefficients (r) are given for each graph. A value of r ϭ 1 would result if all values were on the dotted line (y ϭ x).
FIG. 4.
Distances from genes to territory surfaces segmented with different approaches. Ordinate, number of each evaluated nucleus (total of 37 nuclei with 3D reconstructed X territories). Xi territories were identified in all nuclei by a higher roundness factor, and in nuclei Nos. 1 to 9 Xi also by colocalization with a DAPIstained Barr body [15] . Abscissa, distance in nanometers from the ANT2 (thick vertical bars) and the ANT3 gene signals (thin vertical bars) to the segmented surface of the Xa (left) or Xi territory (right). The values from a given territory are connected by a line. For each territory, the upper line connects the results of the Voronoi approach, while the lower line connects the results of the Cavalieri approach. The segmented surfaces of the X territories are represented by the vertical lines at 0 nm. Positive distance values reflect ANT signals located inside the segmented X territory, while negative distance values refer to signals located outside. short arm, a region which is identical for the X and the Y chromosome [18] . Its CpG-rich region was shown to extend over 1.2 kb containing several rare cutter restriction recognition sites. All methylation-sensitive rare cutter restriction enzymes tested cleaved the precut EcoRI fragment to completion into smaller fragments. As expected, male and female DNA revealed the same pattern indicating that neither the inactive X nor the Y chromosome is methylated with regard to ANT3. Slim et al. [19] have analyzed the methylation status in a patient with a 48,XXXX karyotype and have also found no methylation on inactivated X chromosomes. MIC2 another pseudoautosomal gene which escapes X inactivation is also unmethylated in its CpG island [43, 44] . Hypomethylated CpG islands on Xi can therefore be regarded as characteristic for pseudoautosomal genes.
We found ANT2 methylated on Xi in all tissues investigated, independent of whether it was expressed on Xa (fetal tissues) or not (brain, liver, kidney). The methylation of CpG islands in ANT2 is thus correlated with silencing due to X inactivation but not due to tissue-specific regulation. Such a finding was described earlier for further housekeeping genes on the X chromosome [40 -42] . We conclude that methylation of 5Ј CpG islands as mechanism for gene silencing on Xi is generally independent of tissue-specific expression.
3D Positioning of Gene Targets and Distance Measurements
3D coordinates of point-like fluorescent targets can be determined with very high accuracy. When the targets are colored with different fluorochromes, 3D distances Ͻ0.1 m can be resolved, provided that a very careful adjustment for chromatic shifts is performed and drifts of the microscope stage during the recording time are negligible or also corrected [24, 25] . The reliability of conclusions derived from 3D distance measurements in fixed cells with regard to in vivo distances depends on the quality of 3D preservation of the in vivo nuclear architecture after fixation and FISH procedures. Since the demands for the optimization of 3D preservation and optimal FISH signals differ, one must choose a compromise. In the present study all 3D distance measurements in Xa and Xi territories were obtained from one set of nuclei subjected to three-color FISH. This guarantees that the measurements taken for comparison were obtained in each nucleus under identical experimental conditions.
The finding that ANT2-ANT3 distances are significantly smaller in Xi than in Xa territories is in agreement with the previously described rounder structure of the Xi territory compared to the more elongated form
FIG. 5.
Cumulative frequencies of the distribution of the ANT-signal-territory surface distances from 37 nuclei with 3D reconstructed X territories. The chromosome territories were segmented after application of either the Voronoi or the Cavalieri approach. For the Xi territory (top graph) the spatial distribution of the inactivated ANT2 gene is significantly shifted toward the territory interior compared to the distribution of the active ANT3 gene. Such a distribution difference is not noted for the ANT2 and ANT3 gene positions in the Xa territory (bottom graph; see Table 2 for P values).
of the Xa territory [15] . The shape difference of the Xi and Xa territories may explain partially the different location of the ANT2 gene in these territories: the mean distance from a gene signal to the territory surface should become shorter when a more spherical territory is transformed into a more flattened one. However, we feel that it is unlikely that simple geometrical constraints can be accounted as the sole reason for positional differences.
Accurate measurements of gene-territory surface distances are problematic, since the borders of painted chromosome territories appear fuzzy in microscopical images so that an exact definition of these borders is not possible. To avoid a prejudice due to the subjective choice of one particular threshold, the segmentation of the chromosome territories in this study was carried out for a range of reasonable gray level thresholds (see Material and Methods). As expected, increasing thresholds led to a smaller volume for the chromosome territory, resulting in a more exterior location for any given gene position (data not shown). Absolute distances of genes to the territory surface can thus not be given with certainty, since these distances change over the threshold range. However, the assessment of the relative (more exterior or more interior) position of two genes in a given chromosome territory is independent of the threshold, since an increase or decrease of the threshold generally influences all gene signal-territory surface distances in the same way.
Differences in Gene Positions Suggest an Ordered and Functionally Relevant Architecture of Chromosome Territories
The results of this study support the hypothesis of a nonrandom 3D structure of X chromosome territories. The preferential positioning of active genes in the chromosome territory periphery could facilitate interactions between such genes and macromolecular complexes required for transcription and splicing. A previous study indicated the location of large splicing factor accumulations, called speckles [45] at the chromosome territory periphery [46] . Some highly transcribed genes were noted at the periphery of speckles, while such a colocalization was not observed for several nontranscribed genes [47, 48] . Recently it was described that active ERBB-2 genes are located preferentially at or near the nuclear membrane in three breast cancer cell lines [49] . These genes must therefore also be located preferentially at the surface of their chromosome territories. Kurz et al. [50] found that both active and inactive genes were located preferentially in the exterior 50% of the chromosome territory, whereas an anonymous DNA sequence was distributed randomly throughout the territory volume. Several lines of evidence, however, argue against the idea that the chromosome territory periphery provides the exclusive compartment for genes. Although our data support a more peripheral location of active ANT2 and ANT3 genes compared to the silenced ANT2 copy, we noted a very considerable variability of gene distances from the segmented X territory surface. For example, in several examples of Xa territories we found the two active ANT genes located in the interior of the territory several hundred nm away from the segmented territory surface (Fig. 4) . However, it should be noted that the full complexity of the chromosome territory surface is not adequately reflected in the Voronoi and Cavalieri 3D reconstructions. The comparison of individual light optical sections through X territories suggests complex invaginations of the territory surface (Fig. 2a) . The Xa territory surface in these sections appears more convoluted than the Xi territory surface. Surface areas calculated from 3D reconstructions may underestimate the convoluted surfaces of the X territories (compare Figs. 2a with 2c-2e) . Consequently, we cannot exclude the possibility that genes observed in the interior of 3D reconstructed X territories were in fact exposed to the surface of chromosome territory invaginations (see also below). Transcription sites in wheat nuclei were found to be distributed throughout labeled territories [51] . Replication labeling experiments with pulses of different halogenated thymidine analogs indicated a compartmentalization of chromosome territories into generich early and gene-poor mid to late replicating chromatin foci with 400 -to 800-nm diameters which seem to persist through subsequent stages of the cell cycle [52] [53] [54] [55] [56] . Visser and co-workers [16] investigated the distribution of replication foci in chromosomes 8 and X territories of female and male fibroblast nuclei at mid to late S phase. In both chromosomes 8 and active X territories they observed early replicating and mid to late replicating foci distributed throughout the territories. In Xi territories, however, early replicating DNA (supposedly including the expressed ANT3 gene) was located preferentially near the surface whereas mid to late replicating DNA (supposedly including the silenced ANT2 gene) was more concentrated in the interior. These data are consistent with our findings for ANT2 and ANT3 positioning in Xi territories. The situation for Xa territories, however, is less clear. Since early replicating DNA is distributed throughout the territory, one might assume that the same should be true for the active ANT2 and ANT3 genes. In contrast, we found a preferentially peripheral location of both genes. Further studies of the 3D positioning of active and inactive genes in chromosome territories are indicated to resolve the question whether the noted correlation between 3D positioning of ANT genes and their expression status is exceptional or exemplifies a more general phenomenon.
The Interchromosome Domain (ICD) Model of Nuclear Architecture: Considerations for a Topological Control of Gene Expression
Active and inactive genes may be located in functionally different higher order chromatin compartments. The structural organization and topological relationships of such compartments are still a matter of speculation [13] . According to the ICD model [12, 46, 57, 58] [for a similar model see 59] a continuous, three-dimensional space, termed ICD space, starts at nuclear pores and extends between the surfaces of adjacent chromosome territories. The model predicts that the ICD space provides a nuclear compartment for the traffic (e.g., channeled diffusion) of mRNA and factors involved in transcription, splicing, DNA replication, and repair. To enable the access of transcription and splicing factors to actively transcribed genes in the interior of chromosome territories, smaller ICD channels expanding from the interterritory ICD space into the territory interior were introduced in the ICD model [16, 57] . These channels could form an intraterritory ICD space located between mutually exclusive, early and late replicating chromatin granules. In such a scenario chromatin granules lining the intraterritory ICD space could provide functional chromatin surfaces in addition to the surface at the chromosome territory periphery. Gene expression might be topologically controlled in two ways: (i) Transcriptionally active genes could be exposed at the surface of chromatin granules and thus get the necessary contact to factor complexes for transcription and cotranscriptional splicing located within the ICD space. In contrast, genes located in the interior of chromatin granules would lack the access to the relevant factor complexes and become silenced. (ii) Alternatively, the inter-and intraterritorial ICD space may serve only as a storage site for factor complexes. Chromatin granules lining the ICD space could adopt a "closed" or an "open" chromatin configuration. In the open configuration genes would become accessible to the relevant factors independent of their interior or exterior location, while the closed configuration would prohibit the diffusion of factors into the chromatin granule interior. The ICD model provides an experimentally testable scenario for a functionally important architecture of chromosome territories. While several of its essential features are speculative at present, such an architecture would have the particular advantage that a major part of the genome could be excluded from the search of, e.g., transcription factors for their specific DNA-binding sites. In this way the search would be directed to the relevant, i.e., potentially active, fraction of the entire genome. It has been argued that a highly convoluted structure of chromosome territories resulting in an increase of the functional territorial surface reduces the strength of the territorial surface hypothesis to the extent that it makes no testable predictions [51] . However, present technical limits for testing the hypothesis in light microscopic studies may be soon overcome by recent advancements of highresolution laser microscopy [e.g., 61, 62] . The ultrastructural analysis of transcription in the cell nucleus after bromo-UTP microinjection has revealed perichromatin regions as the most important sites of nucleoplasmic RNA transcription. Interchromatin granuleassociated zones contain RNA polymerase II, TFIIH, Sm complex of snRNPs and, after longer periods of BrUTP incubation, also Br-labeled RNA [60] . These findings are consistent with the ICD model.
Studies performed with fixed cell nuclei do not take into account the dynamics of the nuclear architecture. We do not know to which extent the 3D positions of genes within chromosome territories can change with time, e.g., during cell cycle and terminal differentiation events. New approaches to study the topology of chromosome territories and macromolecular domains in the nucleus of the living cell are presently emerging and underline the importance of a dynamic view [54, [63] [64] [65] [66] [67] .
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